We report the results of first-principles calculations on the early stages of hydrogen aggregation in silicon and diamond. We demonstrate that the hydrogenated glide dislocation dipole is the preferred structure for small numbers of H atoms in silicon and that it expands by dislocation glide, with hydrogen condensing in the shuffle plane between the dislocations. This structure is a good candidate for the initial stage in the development of hydrogeninduced platelets. We investigate the effect of shear and dilation on the energies of hydrogenated structures and compare the relative stabilities of these structures in silicon and diamond. We describe the method of determination of the Burgers vectors of dilation and shear for the dislocation dipoles by varying the lattice vectors of their supercells.
Introduction
Hydrogen in silicon has been a subject of wide investigation because of its considerable effect on the properties of silicon and other semiconductors. Hydrogen binds to defects, such as impurity atoms, vacancies, dislocations and grain boundaries, passivates them and thus affects the electrical and optical properties of silicon [1, 2] .
Theoretical calculations confirm that hydrogen bonded to dangling bonds at defect sites has the lowest energy [3, 4] . In defect-free silicon the H 2 molecule at the tetrahedral interstitial site is the stable configuration [3] [4] [5] . The metastable configuration is the H Hydrogen introduced in high concentrations generates extended planar defects in silicon, lying along (111) and (100) crystallographic planes, that are called hydrogen-induced platelets (HIP) [6] [7] [8] [9] [10] [11] [12] [13] . The platelets are located at depths corresponding to the maximum hydrogen concentration near the surface of the Si samples. Thus platelets are responsible for the formation of the hydrogen accumulation layer in silicon.
Platelets grow in size on annealing and, at high temperatures (provided a high enough concentration of hydrogen), develop into microcracks and lead to surface blistering of silicon samples [8] [9] [10] . This phenomenon is the basis of the technologically important SmartCut TM process of obtaining high-quality silicon-on-insulator (SOI) layers [14] . Spectroscopic investigations showed that platelets contain Si-H bonds [6, [11] [12] [13] and, at T > 200
• C, H 2 molecules [12, 13] . The temperature dependence of Si-H and H 2 vibrational modes suggests that several structures exist which transform into one another on annealing [11, 13] . The exact atomic structure of platelets is still a subject of investigation.
Theoretical calculations have been performed mainly on the structures of the (111) platelets in silicon [5, [15] [16] [17] [18] . A number of possible platelet structures have been proposed, including hydrogen saturating broken Si-Si bonds in the shuffle plane of the perfect silicon lattice, a similar structure containing H 2 molecules, an aggregate of the H * 2 defects, a hydrogenated half-stacking fault structure [5, [15] [16] [17] , and structures containing hydrogenated vacancies [18] .
There is less detailed information on hydrogen on diamond compared with silicon. Theoretical calculations identified bond-centred hydrogen as the most stable position for one H atom in diamond [19] and the H * 2 complex for two H atoms [20] . Experimental studies demonstrate that hydrogen in diamond condenses mainly near grain boundaries [21] . IR absorption measurements suggest that, at low temperatures, a fraction of hydrogen in CVD diamond is present in an unbound form, and it was suggested that this forms H 2 molecules [22] . A high concentration of hydrogen in the sub-surface area in diamond has been observed [23] , suggesting that hydrogen is trapped there and forms some stable multi-H complexes [24] . One of the suggested [24] candidates for such complexes is the H * 2 complex. Another possibility is that hydrogen forms extended defects-platelets, similar to HIP observed in silicon. This view is supported by experimental observations of hydrogen-filled bubbles in diamond on annealing [25] and surface blistering of annealed proton-implanted diamond [10] .
Theoretical investigations of hydrogen in silicon or diamond concentrate on small (oneor two-atom) hydrogen complexes [3-5, 19, 20] and infinite or large-scale hydrogen-related defects in silicon, such as HIP [15] [16] [17] [18] .
In this work we report the results of first-principles calculations on infinite HIP and medium-size hydrogen aggregates in silicon and diamond. The calculations were performed using ab initio density functional code, AIMPRO, within the supercell approach [26] . Calculations of finite hydrogen aggregates in silicon were performed with 48 Si atom cells. Some calculations were repeated using 96 Si atom cells. Calculations on hydrogen in diamond involved 96 C atom cells. Calculations on infinite HIP were performed with 12 Si atom cells. Some calculations were repeated using 24 atom cells; their results agreed with those performed in small cells. The Brillouin zone was modelled using the Monkhorst-Pack sampling scheme with four or eight k-points.
We investigate the stabilities of various possible structures of infinite HIP for a range of lattice dilations. Then we discuss the initial stages of condensation of hydrogen in silicon, leading to the formation of large H aggregates and the development of platelets. We compare the energies of several possible hydrogen complexes with different numbers of H atoms. We find local shear and dilation associated with these complexes and discuss their effect on the energies. Calculations of hydrogen aggregation in diamond follow similar calculations in silicon. 
Results

Infinite hydrogen-induced platelets in silicon
Calculations of the stabilities of various structures of platelets have been reported in the literature [5, [15] [16] [17] [18] . Among the structures that were considered were an array of bondcentred hydrogen atoms [5, 15] , aggregates of the H * 2 defects in a single or double layer [16, 17] , hydrogen saturating broken Si-Si bonds in the shuffle plane and the same structure with H 2 molecules between the (111) planes [15, 17] , and the half-stacking fault structure described above [16] . Zhang and Jackson [16] found the half-stacking fault structure to be the lowestenergy structure but discarded it due to the high barrier of formation and the need for preexisting defects such as dislocations for its formation. Thus they considered a double-layer H * 2 aggregate as the most stable structure.
The effect of lattice dilation in the direction normal to the platelet on the energies of these structures was considered [16, 17] . The energies of all the structures were found to decrease with dilation, which is consistent with the experimental result that the lattice around the platelet is dilated by ∼3 Å [6] . According to Kim and Chang [17] figure 1 )-as a function of lattice dilation. In these calculations we use 12 Si atom supercells. These cells repeated, in 3D form, layers of infinite platelets.
The results are shown in figure 2 . The energies of all the structures decrease with dilation, in agreement with the previous theoretical works [16, 17] . We find the half-stacking fault structure omitted in earlier investigations to be the lowest-energy one at small dilations below plane and H 2 molecules becomes most stable. We consider the half-stacking fault structure to be valid for small-size platelets where only relatively small dilations are possible, as will be obvious from our calculations for finite-size platelets reported in the next section. We believe that, as platelets grow larger and larger dilations are possible, their structure changes to the structure with Si-H bonds and H 2 molecules in the shuffle plane. This structure is the global energy minimum and is consistent with the experimental determination of precise atomic positions using high-resolution transmission electron microscopy [6] and with spectroscopic determination of the dielectric constant of the high-temperature platelet structure [13] .
Finite-size hydrogen aggregates in silicon
As the simplest system we consider the aggregate of H atoms that is infinite in one dimension (along the z-axis-see figure 3), with four H atoms per repeat distance.
The choice of structures was influenced by our earlier result for diamond [27] , where a hydrogenated faulted 90
• glide dislocation loop was found to be the lowest-energy configuration for four H atoms in diamond compared with two hydrogenated neighbouring 111 and 110 C-C bonds. The hydrogenated dislocation loop was formed spontaneously from a pair of H * 2 defects, the lowest-energy structure for two H atoms in diamond. Our similar calculations on hydrogen in silicon show that, in the case of four H atoms in silicon, the hydrogenated glide 90
• dislocation loop is the lowest-energy structure as well-1.9 eV lower than two hydrogenated neighbouring 111 Si-Si bonds and nearly degenerate with a pair of H 2 molecules in the perfect silicon lattice. Hydrogenation significantly reduces the formation energy of a dislocation loop in silicon, which equals 2.7 eV for a non-hydrogenated dislocation loop according to our supercell calculations.
Therefore one of the structures for extended hydrogen aggregates in silicon that was studied was the hydrogenated glide dislocation dipole ( figure 3(a) ). The other structure investigated was the configuration with Si-H bonds facing each other along the 111 direction ( figure 3(b) ). This can be considered as a dipole of edge dislocations with Burgers vectors in the 111 direction and 'extra material' effectively appearing in the platelet region (a dilational dipole). This configuration was found to be unstable in small-size platelets and relaxed by shear along the 112 direction, giving a 90
• dislocation dipole in the shuffle plane ( figure 3(c) ). The hydrogenated glide dislocation dipole had the lowest energy among these three structures-1.59 (1.72) eV lower in energy than the shuffle dislocation dipole and 2.80 (2.73) eV lower than the dilational dipole in 96 (48)-atom cells (see table 1-energies are given per repeat distance along the dislocation line, 3.84 Å). Note that the energy of the dilational dipole is the approximate energy of the intermediate structure before the shear relaxation. For the larger cells, energy differences between the structures reduced. We believe that this is due to the increase in dilation allowed for the shuffle platelet.
A well-known problem arising in supercell calculations with cells containing dislocation dipoles is that lattice mismatch due to these dislocation dipoles appears at the cell boundaries [28] . Lehto and Oberg [29] suggested a way to avoid this mismatch by adjusting the lattice vectors of the supercell in accordance with the lattice vectors and respective positions of dislocations in a dipole, so that, for example, when two oppositely signed edge dislocations in the same glide plane are present in the perfect material, the cells are displaced with respect to each other by b × (w/L) in the direction of glide (where b is the value of the Burgers vector of a dislocation, w is the inter-dislocation distance, and L is the length of the cell).
This approach was applied in our calculations to the cells containing hydrogenated dislocation dipoles. A range of possible values of b was tried. The dependence of the energies of the hydrogenated shuffle dipole on the Burgers vector of shear in the x-direction exhibits a minimum. Fitting this dependence to a quadratic function gave the value of 1.8 Å for the Burgers vector of shear for the shuffle dislocations in silicon. This value is close to 2.22 Å, the Burgers vector of a 90
• glide partial dislocation in silicon. Dilation of the cell containing a hydrogenated shuffle dipole was found to decrease its energy as well, with an energy minimum corresponding to dilation by 1.1 Å × (w/L). This indicates that this dipole is not purely shear but has a partly dilational character. Or, in other words, the Burgers vector of the shuffle dislocation has a shear component b sh and a dilational component b dil .
Since both dilation and shear reduce the energy of this structure, the global energy minimum should correspond to a combination of dilation and shear. Indeed, comparing the energies of this structure for several values of shear and dilational Burgers vectors shows that the minimum energy corresponds to displacement of the cells along the x-direction by 1.8 Å×(w/L) and dilation by 1.1 Å×(w/L). The total Burgers vector of a shuffle dislocation is a combination of b sh and b dil and equals 2.1 Å.
Thus, the described approach of calculating the energies of cells containing dislocation dipoles for a range of cell displacements and dilations allows us to find the optimum Burgers vectors of dislocation dipoles, which give the minimum energy for the structures under consideration.
The cell that contains a dilational dipole was dilated in a similar way by b dil × (w/L), where b dil varied. The energies of the structures at intermediate points of relaxation, before the appearance of shear, were extracted. Their dependence on dilation was fitted to a quadratic function. The position of the energy minimum gave the approximate value of the optimum dilational Burgers vector, 1.8 Å.
Displacement was applied to cells with hydrogenated glide dipoles as well. Unlike the case of shuffle dipoles, a displacement of cells by b × (w/L) was found to slightly increase the energy of this structure (0.09 eV for dilation by 2.22 Å × (w/L)). However, when similar treatment was applied to the non-hydrogenated glide dipole, it behaved in a way similar to the hydrogenated shuffle dipole and exhibited a dependence with a minimum at b = 2.2 Å, which is in very good agreement with the accepted value of 2.22 Å in the literature. Therefore the energy of the hydrogenated glide dipole in the cell displaced by 2.22 Å × (w/L) was further compared with the energies of the structures discussed above with hydrogen in the shuffle plane. Table 1 summarizes the energies of the structures discussed as well as the effect of cell displacement and shear. It is seen clearly from the table that the energies of the shear and dilational hydrogenated dipoles are significantly reduced when the lattice vectors are optimized. However, the order of stabilities remains the same: the hydrogenated glide dipole is the lowestenergy structure, 1 eV lower than the shuffle dipole and 1.5 eV lower than the dilational dipole.
The energy differences between different finite platelet structures appear to be controlled by the elastic interactions of the dislocations bounding the platelets. The elastic energy of a dipole of 90
• dislocations is given by the following equation [30] :
where µ is the shear modulus, ν is Poisson's ratio, b is the magnitude of the Burgers vector, w is the distance between the dislocations, r 0 is the dislocation core radius, and θ is the angle between the glide plane of one dislocation and the direction to the other dislocation. Equation (1) shows that the energy of a dislocation dipole depends on the inter-dislocation distance and on the character (shear or dilational) of the dipole: the more narrowly separated dipoles (like the glide dipole in figure 3(a) ) should be lower in energy, and dipoles with larger dilational components should be higher in energy than shear dipoles due to the effect of the angular term cos 2θ .
Using Burgers vectors found by fitting for the shuffle and dilational dipoles as well as the value of 2.22 A in the literature for the Burgers vector of the glide dipole, we find the shear dipole in figure 3 (c) to be 1.42 eV higher in energy than the glide dipole ( figure 3(a) ) and the dilational dipole ( figure 3(b) ) to be 1.58 eV higher than the glide dipole, if we treat dislocation dipoles as being isolated and neglect interactions with image dipoles which appear in the supercell method. This approach is valid for narrowly separated dipoles in large cells.
In table 1 the energies of dislocation dipoles calculated using elasticity theory are compared with the results of first-principles calculations. The table shows that the energy differences between the dipoles predicted by elasticity theory are in reasonable agreement with the energies obtained from ab initio calculations. This shows that elastic interactions of dislocations bounding the platelets are the most important single factor controlling the stabilities of small platelets.
The other factor that should be taken into consideration in order to obtain agreement with ab initio results is the different energies of hydrogen bonding to silicon in these structures.
On addition of more hydrogen, the lowest-energy structure-the hydrogenated dislocation dipole in the glide plane-can expand by glide. It has been shown experimentally that dislocation glide is facilitated by hydrogenation of dislocation cores with the activation energy of dislocation motion in silicon reducing from 2.2 to 1.2 eV (i.e. the hydrogen-enhanced dislocation glide, or HEDG effect) [31] .
The extra hydrogen fills the space between the dislocations, forming Si-H bonds in the shuffle plane. This structure is similar to the half-stacking fault structure proposed by Zhang and Jackson [16] . In this structure the elastic field of the glide dislocation dipole is counteracted by shear created by hydrogen accumulated in the shuffle plane in the stacking fault.
As an example, the structure containing 12 H atoms per repeat distance (figure 4(a)) was calculated and its energy was compared with other possible configurations with the same numbers of H atoms per cell: the aggregate of H * 2 defects in the (111) plane ( figure 4(b) ); the glide dislocation dipole with extra hydrogen forming Si-H bonds in the glide plane (figure 4(c)); and the hydrogenated shuffle dipole ( figure 4(d) ). Among them, the 'half-stacking fault' structure had the lowest energy-0.34 eV lower than the aggregate of H * 2 s, 0.51 eV more stable than the glide dipole, and 4.04 eV more stable than the shuffle dipole.
In order to obtain more consistent energies, we tested the effect of shear and dilation on the two lowest-energy structures. Dilation was found to reduce the energies of both structures. The optimum dilational Burgers vector was 1.2 Å for the half-stacking fault structure and 1.5 Å for the H * 2 aggregate. The larger dilation needed for the H * 2 structure can be understood by comparing figures 4(a) and (b): the H * 2 complex has four layers of Si-H bonds compared with two layers in the half-stacking fault structure,therefore it needs larger dilations to accommodate hydrogen more efficiently. The half-stacking fault structure remained the more stable structure when dilation was applied-0.20 eV lower than the H * 2 aggregate. We regard the half-stacking fault structure as the structure arising from the dislocation dipole in the glide plane and, in addition, containing the second shear dipole in the shuffle plane. We expect the shear due to these two dipoles to approximately cancel each other, resulting in no total shear associated with this structure. Indeed, our ab initio calculations show that shear applied to the cells does not reduce the energy of this structure. More exactly, the minimum of the dependence of E on shear corresponds not to b sh = 0 but to 0.15 Å. This supports our finding that the Burgers vector of shear of the hydrogenated shuffle dipole is slightly smaller than the Burgers vector of the glide 90
• dislocation dipole. Thus, we find the half-stacking fault structure to be the most stable structure for mediumsize hydrogen aggregates in silicon and consider it as the preferred structure for HIP at the initial stages of their formation, assuming thermal equilibrium at each step.
Hydrogen aggregates in diamond
The medium-size aggregates of hydrogen in diamond were also studied. We considered the same structures as those discussed above for silicon.
Ab initio calculations of energies of the structures with four H per repeat distance show that the dilational dipole is unstable, like in silicon, and is approximately 2.4 eV higher in energy than the hydrogenated glide dipole, while the hydrogenated glide and shuffle dipoles are degenerate in 96 C atom cells. In 48 C atom cells the shuffle dipole is relatively higher in energy and is 0.58 eV less stable than the glide dipole. This difference in energies obtained using cells of different sizes is qualitatively similar to the results for silicon mentioned in the previous section, but in the case of diamond the effect of the cell size is much more pronounced. Thus dilation, which is more feasible in large cells than in small cells, is very important for H aggregates in diamond.
Adjustment of the lattice vectors showed that the character of the shuffle dipole is more dilational than shear: the dilational component of the Burgers vector is 1.4 Å and the shear component is 0.5 Å. Adjusting the lattice vectors made the shuffle dipole 1.84 eV more stable than the glide dipole, unlike the situation for silicon. This may indicate that the initial stages of hydrogen aggregation in diamond proceed in a different way to that in silicon.
Larger hydrogen aggregates in diamond, namely the half-stacking fault structure, the aggregate of H * 2 s and the hydrogenated shuffle dipole, were also considered. The half-stacking fault structure was decisively more stable than the other structures-4.22 eV lower than the H * 2 aggregate and 6.12 eV lower than the shuffle dipole.
Thus, for medium-size hydrogen aggregates in diamond the half-stacking fault structure involving the dislocation dipole in the glide plane and the accumulation of hydrogen in the shuffle plane associated with shear is the preferred structure, similar to the case for hydrogen in silicon. This structure is a likely candidate for the precursor in the further aggregation of hydrogen in diamond.
Conclusions
Our calculations show that small numbers of hydrogen atoms in silicon have a tendency to aggregate, forming hydrogenated glide dislocation dipoles. We demonstrate that small hydrogen aggregates with different structures can be described in terms of dislocations, and that the main factor controlling their relative stabilities is the dislocation interaction energies. Structures involving shear are energetically favoured compared to structures involving dilation.
We show that the adjustment of lattice vectors in supercell calculations according to the type of dislocations contained in the cells is an important factor in determining the stabilities of different structures. We investigated the effect of changing the lattice vectors, i.e. dilation and shear, on the energies of hydrogenated structures, and showed that lattice dilation has a stronger effect on the stabilities of hydrogen aggregates in diamond, favouring the structures that are capable of dilation and reversing the relative stabilities of the glide and shuffle dipoles observed for silicon.
On the basis of our calculations, we suggest that incipient platelets growing under quasiequilibrium conditions would grow by the formation and movement of glide dislocations that bound a half-stacking fault structure. As they expand, dilation becomes favoured and the stacking fault is removed by dislocation glide (enhanced by the presence of hydrogen), yielding larger structures of [Si-H + mH 2 ] n type, which is consistent with HRTEM measurements of atomic positions [6] and with the spectroscopically determined dielectric constant of the hightemperature platelet structure [13] .
